A novel uncooled long-wave infrared imaging technology with optical readout is proposed and developed targeted for low cost thermal imaging applications. This technology uses the thermo-optic effect in a semiconductor to detect infrared signals rather than the thermal-resistance effect used in traditional microbolometers. The key component of the imager, the focal plane array, is made up of thermally tunable thin film filter membrane pixels. Each thermal pixel acts as a wavelength translator, converting far infrared radiation signals into near infrared signals which are then detectable by off-the-shelf CCD or CMOS cameras. This approach utilizes optical filter and MEMS technologies, to build a low-cost passive long wavelength infrared focal plane array without electrical leads or active cooling. Within one year since the commencement, NETD values of 0.28K in a 160x120 array operating at 22Hz video frame rate have been achieved without temperature control.
INTRODUCTION
Uncooled thermal imager technology is becoming increasingly attractive in many applications such as security, surveillance, firefighting, automotive, and traffic control. Compared with cooled thermal imaging technology, uncooled thermal cameras require little maintenance (i.e. cryogenic cooling), offer reasonably good performance at relatively low cost. However, in order to successfully deploy uncooled thermal imagers in these cost-sensitive markets, tremendous efforts have been made towards cost reduction, such as better manufacturing control [1] , wafer-level release, wafer-level packaging, removing temperature controllers [2] . Traditional uncooled thermal imagers are based on the thermal-resistance effect or thermalpolarization effect, i.e., the resistance or polarization of detection element changes with temperature change from long wavelength infrared (LWIR) absorption. FPAs are built on custom-designed CMOS readout ICs, using VOx or pyroelectric materials. These materials are generally not compatible with silicon CMOS processing, and electrical leads on each FPA make the wafer-level vacuum packaging challenging. These issues pose a great challenge to cost reduction of traditional uncooled imagers for high volume commercial applications.
Aegis has developed a new uncooled infrared imaging technology designed from the beginning with extremely low cost targets in mind. As opposed to conventional microbolometer IR cameras which measure thermally sensitive electrical resistance to detect LWIR, this new type of infrared focal plane array (IRFPA) measures a highly thermally sensitive optical response to detect LWIR. In this approach, the IRFPA is made up of a two-dimensional array of tunable thin film filters [3] whose wavelength can be tuned in the near infrared (NIR) range, and whose transmission in this range can be measured using a standard silicon imager (CCD or CMOS).
This novel optical readout architecture enables utilization of high temperature coefficient (TC) of responsivity while at the same time avoiding traditional Johnson noise in the microbolometers. The elimination of electronic readout circuitry (ROIC) in the IRFPA leads to two immediate cost benefits: fewer fabrication steps and lower-cost wafer-level vacuum packaging. Since the whole process is CMOS compatible, it can be easily scaled to larger format cameras and transferred to standard CMOS or MEMS foundries to avoid large capital investment. Simplified fabrication and packaging process enables short development cycle. Within one year after the concept incubation, rapid process has been demonstrated and IRFPAs with superior pixel yield have been made in our current facility. Furthermore, one can see that this approach leverages the immense production capabilities and volumes of the CMOS/CCD market which is already shipping in the hundreds of millions of units. This providing even further cost savings.
Other thermal imaging approaches utilizing optical readout have emerged only recently. Bi-layer micro cantilevers, for example, are used to reflect light onto CCD or CMOS cameras to detect thermal image [4] . It has been shown that the NETD limit of the thermal FPA with optical readout does not suffer from the electrical noise in traditional uncooled IRFPAs, such as Johnson noise in microbolometers, and the ultimate thermal sensitivity is limited by background radiation noise [5] and mechanical fluctuation noise [6] in bilayer mechanical structures.
TUNABLE FILTER IRFPA

Aegis tunable filter technology
Our new approach to thermal imaging grew out of Aegis Semiconductor's unique thermo-optically tunable thin film filters. A spin-off from Princeton University's Photonic and Optoelectronic Materials Center, Aegis Semiconductor has been committed to bringing low-cost tunable optical solutions to markets with innovative Active Thin Films TM technology. Developed over the past four years primarily for fiber optic telecom applications, Active Thin Films TM are based on the introduction of thermally-sensitive thin film semiconductors into interference coating designs, leading to the first widely-tunable thin film filters. Aegis has accumulated extensive technical expertise in thin film material and fabrication, optical component design and manufacturing, quality control and reliability testing.
Aegis's tunable optical filter is a Fabry-Perot (FP) structure. Typically in an FP filter, a resonant cavity is sandwiched between two mirrors. Usually the mirrors are made by multiple dielectric layers with optical thickness corresponding to odd numbers of a quarter of the transmitting wavelength, while the cavity is made by transparent material with an even number of quarter-wavelength thicknesses. In some cases, the cavity may be an air gap.
Typical filter characteristics include full (spectral) width at half maximum (FWHM), and insertion loss (IL). These characteristics are usually determined by the mirror reflectivity and cavity transmissivity at the resonant wavelength. Higher reflectivity leads to a narrower filter, and the mirror reflectivity is set by careful design of the thickness and index of the mirror layers. The cavity material transmissivity can be improved by optimizing the material preparation technique.
Aegis Active Thin Films
TM are based on amorphous silicon (a-Si) and silicon nitride (SiNx) thin films, which have been used extensively in solar cells and flat panel displays for many years. These materials are deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD) which is capable of producing uniform, dense materials in high volume manufacturing environments. The largest commercial PECVD wafers can reach up to 2 meters by 2 meters. Traditionally, a-Si material is not used in optical components due to the absorption from its inherent atomic-level defects. Aegis has excelled in making very high quality optical grade a-Si with thickness uniformity better than 0.2% across 4-inch wafers. Figure 1 (a) shows a SEM cross-section picture of a narrow filter made at Aegis, with a-Si cavity and SiNx/a-Si mirrors, and (b) shows the filter transmission spectrum. This filter has 0.15 nm FWHM. The optical filter's peak wavelength depends on optical thickness of cavity, i.e., product of physical thickness and index of refraction. Therefore, tunability can be achieved in two ways, either by changing its physical thickness or by changing its index of refraction. Here, we achieve tunability using the latter. Our materials are characterized by a high thermo-optic coefficient which is defined as the change of index of refraction per degree of temperature change. This intrinsic physical property is related to bandgap narrowing in semiconductor materials with elevated temperature. Our a-Si cavity exhibits a large thermooptical coefficient of dn/dT = 2.3 x 10 -4 / K at 300K. Figure 2 shows a filter's transmission spectra tuned at different temperatures from 22°C to 82°C. From the graph, the filter tunability can be calculated to be 0.06 nm/K. 
Aegis Tunable Filter Spectra
Tunable filter IRFPA concept
The key component in this new type of thermal camera is the tunable filter IRFPA. IRFPA is composed of filter pixels standing on a thermally resistive post on an optically transparent (at NIR) and thermally conductive substrate. Each pixel acts as a passive wavelength converter. Figure 3 (a) shows a schematic drawing of one pixel in the IRFPA. The LWIR radiation from the scene is imaged onto and absorbed by the FPA. This heats up select thermal pixels on the array, causing their peak wavelengths to shift. A narrow-band NIR light source with a wavelength close to the peak wavelength of the FPA filter is used to "probe" the temperature of the pixels across the FPA. This NIR probe signal is projected through the FPA and transmitted by varying amounts, depending on the pixel temperature, onto the silicon imager. The intensity of the light received by the silicon imager is therefore "modulated" by LWIR scene temperature. By measuring the pixel-to-pixel variation in transmission of the NIR probe signal using CCD/CMOS imagers, a thermal image can be obtained. illustrates how the thermal pixel acts as a "wavelength converter". The transmission spectrum of the IRFPA filter without LWIR radiation is shown as S1, NIR probing light is a narrow band light beam S3, the light detected by the CCD or CMOS is the "overlap" area of S1 and S3. After LWIR is absorbed by the filter, the filter's peak wavelength (in the NIR) shifts and the spectrum tunes to S2. The transmitted signal to the imager is changed by area A2. Since the filter wavelength shift depends on the temperature change of the pixel, this change in the NIR signal at the imager is a direct measurement of the LWIR scene temperature.
One important difference between this new IRFPA and traditional microbolometers is that it is electrically passive, requiring no electrical connections. In traditional IRFPAs, in order to readout electrical signals, a thermal detector array is fabricated directly on a custom-designed readout integrated circuit (ROIC) wafer. The manufacturing compounded yield from FPA is carried cover to ROIC yield, making it very challenging to achieve high throughput, high yield and low cost. In our approach, the IRFPA optical property is passively changed by the LWIR scene temperature and this change is optically read out by a CCD or CMOS silicon imager, which can be physically decoupled form the IRFPA, improving module yield and lowering costs.
Additionally, the probe signal source can be a tunable source with the same thermal tunability as the FPA filters. In this way, the probe and the FPA filters tune together with changes in ambient temperature, since this passive IRFPA measures the relative change of FPA and probe light peak wavelengths, the need for active temperature control (e.g. TECs) can be eliminated. 
Tunable filter IRFPA fabrication
This passive IRFPA architecture simplifies the fabrication process significantly. Compared to conventional FPAs which require more than ten mask steps on custom-designed CMOS readout IC wafers, our passive IRFPA only need three masks on a blank double-side polished wafer. Simplifying the pixel architecture and reducing the number of fabrication steps has the advantage of potentially higher yields, increased throughputs, and shorter development cycles. The materials used in this process are CMOS compatible, and therefore will be transferable to low cost, large volume semiconductor foundries. 
Tunable filter IRFPA performance
Fill factor
The single-post structure provides much higher fill factor (FF) than two-arm structures in conventional microbolometer IRFPAs [5] . In conventional microbolometer IRFPAs, the fill factor is diminished by the area of the arms and the spacing between the arms. In our IRFPA, there is no need to read out an electrical signal, so only one thermal conductance path to the substrate is used and it can be placed at any position. Figure 5 shows a SEM picture of several pixels densely packed together. The distance between the two parallel edges of one pitch is 50 µm, and the trenches between the pixels are <2um, resulting in a fill factor of >92%. 
Temperature coefficient
In microbolometers, temperature coefficient of resistance (TCR) is a critical parameter of pixel material, it is defined as the change of the resistance of pixel material per degree of temperature change, and it directly determines the signal responsivity of the pixel to IR radiation. TCR in microbolometers ranges from 3%/K of Vanadium Oxide (VOx) to 1.5%/K of a-Si.
The temperature coefficient (TC) in the tunable filter IRFPA mainly depends on three factors: the tunability, or how much the filter tunes with temperature change, the filter spectrum, or how the transmission changes with wavelength, and probe light source bandwidth, or how narrow the light source spectrum is. Generally, the more tunable the filter is, the steeper the slopes in the transmission spectra of the filter and light source are, the higher TC the pixel will have. TC can be improved with IRFPA filter and NIR light source with narrower bandwidths, a TC of 50%/K has been demonstrated with Aegis telecommunication filters with a laser as probing light beam. A 30%/K TC is believed to be achievable with optimized filter and light source designs.
Infrared absorption
The materials in the IRFPA filters, a-Si:H and SiNx, have strong inherent absorption in long wavelength range due to their molecular vibration and stretching bonds [7] . IR absorption of the pixel is measured with FTIR technique. To obtain absorption, both FTIR transmission and reflection are measured with free standing filter membrane, and then absorption is calculated out. An absorption spectrum is plotted in Figure 7 . The peak absorption occurs at 12 µ m, which corresponds to the Si-N stretching mode. This absorption has also been used in other microbolometers [4] . The average absorption of filter FPA is 42%. Tunable IRFPA packaging IRFPAs must be packaged in vacuum to eliminate the thermal conduction of air between pixels and the thermally conducting substrate. No electrical leads are required, dramatically simplifying the packaging process. Figure 8 shows a FPA vacuum package prototype. 
THERMAL CAMERA WITH TUNABLE FILTER IRFPA
Thermal camera setup
A thermal camera benchtop prototype developed using a tunable filter IRFPA, is shown in Figure 9 . LWIR radiation from the scene is imaged onto the vacuum-packaged FPA with an LWIR lens with F # of 0.86. A LED combined with a NIR filter is used as a probing light. The NIR probing filter is made with same material in the IRFPA filter. A thin splitter is used to combine both LWIR and NIR together. This splitter has high transmission > 92% for LWIR from 8 to 15 µ m and 100% reflectance for NIR probing light. NIR light passing though the FPA is imaged onto the CCD or CMOS camera by a NIR imaging lens. The data from the CCD or CMOS camera is currently transferred to a PC using a program written with real-time image processing algorithms to extract real-time thermal video.
To extract a good thermal image, a shutter is used to take baseline images as thermal camera initialization procedure. The thermal image is calculated in the equation below: 
Thermal response measurement
The responsivity of IRFPA is defined as the change of the light detected by the CCD/CMOS, or, the change of the CCD/CMOS pixel value, per scene temperature change. Measurement is done with a uniform blackbody source. The temperature of the source can be adjusted. First, a baseline image is taken with a closed shutter and pixel values are stored. The shutter is then opened and live images are taken. The changes of pixel values from the baseline image pixel values are calculated. This procedure is carried out for a series of temperatures, and responsivity is extracted from the slope of responsivity vs. temperature. Equation 2 illustrates how to get the responsivity. I th is the thermal image pixel value for a certain scene with temperature of T s . The slope of I th vs. scene temperature T s is the thermal responsivity R th . For a 160x120 IRFPA initially fabricated in our current facility, average thermal responsivity per scene temperature of 5x10 -4 /K has been achieved.
NETD measurement
NETD measurement of tunable filter IRFPA starts with the measurement of root mean square (RMS) noise of "blank" images for each pixel. These images are taken with uniform blackbody source at constant room The lowest detectable NETD for a 160x120 IRFPA was 280mK, with the majority of pixels operating with a NETD value of around 550mK. The NETD non-uniformity in the system is partially due to the IRFPA responsivity non-uniformity, and partially due to CCD/CMOS noise non-uniformity. In our current system, the major noise source is CCD or CMOS imager noise.
Thermal images without TEC control
As mentioned in 3.1, the NIR probe light filter is made with the same material in the IRFPA filter, thus this filter is also thermally tunable. As long as the IRFPA filter and NIR probe light filter drift in unison with ambient temperature, the responsivity for each pixel stays the same, thus no active temperature control is needed, allowing thermal imaging without TEC control. 
SUMMARY
We have developed a new uncooled thermal imager technology. This technology uses a passively tuned optical filter array as the IRFPA. LWIR radiation is absorbed by the thermal filter pixels on the IRFPA. These filters shift in peak wavelength according to the scene temperature, changing the transmission of the NIR probe signal to the CCD/CMOS imager which performs direct optical readout. Eliminating the electrical leads and complicated readout electronics greatly simplifies FPA fabrication and the packaging process. Decoupling the sensing plane from the read-out plane improves yield. Furthermore, passive IRFPA and optical readout can be achieved without the need for active temperature control.
A 160x120 IRFPA prototype has been fabricated with CMOS-compatible silicon processes. A unique hollow post process is designed to provide optimum combination of fill factor, mechanical robustness, and thermal isolation. Pixel operability of > 99.9% is achieved. With fill factor of > 92%, this IRFPA achieves a temperature coefficient of 6%/K and average absorption of 42% at 8-15 µm range. A benchtop camera prototype has been developed to test the IRFPA performance, capable of taking thermal images at a frame rate of 22Hz without any active temperature control. NETD of 280mK has been achieved with F# 0.86 optics.
Tunable filter IRFPAs utilize high thermal responsivity coefficient pixel elements for thermal detection, and avoid traditional noise sources such as Johnson noise. TEC-less operation and elimination of electrical leads enable simple silicon CMOS-or MEMS-compatible fabrication and packaging processes. Instead of custom-designed ROICs, readout is achieved by commercially mature CCD or CMOS silicon imagers. This decoupling between the passive IRFPA and readout are the foundation for a potential manufacturing process with high throughput and high yield. This platform paves a route to low-cost thermal cameras for a variety of commercial applications.
